Abstract. We performed systematic AC susceptibility and magnetic moment measurements to investigate the vortex dynamics and pinning in a EuRbF e 4 As 4 single crystal as a function of temperature, frequency and DC magnetic field. The vortex solid to vortex liquid line was determined and well fitted by H(
Introduction
Recently novel family of the Fe-based superconductors was discovered. It is so-called 1144-type (AeAF e 4 As 4 , whereas Ae = Ca,Sr,Ba,Eu and A = K,Rb,Cs) compounds [1] . The 1144 family exhibit intriguing and distinctive properties, which are currently in the research focus in the field of high temperature superconductors. The self doped AeAF e 4 As 4 [2] compounds possesses a tetragonal structure (P4/mmm), where Ae and A layers forming two inequivalent T hCr 2 Si 2 structures [1] . In contrast to 122 superconductors, Fe-As bonds have a different length between the As atoms and the Fe plane. The 1144 family displays superconductivity with superconducting transition temperature T c , from 24K to 36 K [1, [3] [4] [5] and estimated upper critical fields from 92T [6] up to 250T [2] . Various transport, thermal, and thermodynamics experiments on 1144 system evident for the absence of any structural transition [7] . However, in the case of Eu(Rb/Cs)F e 4 As 4 , the bulk superconductivity with T c about 36 K, coexist with the Eu 2+ spin localization, which leads to magnetic ordering at T m about 15K. In contrast to the related 122-type compound (EuF e 2 As 2 ), whereas the antiferromagnetic order competes with the superconductivity, the magnetic order in 1144 system has a little influence on superconductivity [8] . The possible reason for such feature may be the significant spatial separation in the crystal structure of superconducting and magnetic planes. This exotic but distinctive behaviour in 1144 encourage the community to bridge up the knowledge gap in such unusual superconducting systems.
To date, there is a little data concerning the vortex dynamics, pinning and irreversibility line behaviour in EuRbF e 4 As 4 (Eu-1144) superconducting compounds. Therefore, the motivation was to investigate the physical properties and vortex matter features of the EuRbF e 4 As 4 single crystal.
Experimental details
EuRbF e 4 As 4 single crystals were grown using the self-flux method as it has been done previously for Ni-doped Ba-122 [9, 10] . The initial high purity components of Eu (99.95%), Rb (99.99%) and FeAs (99.98% Fe + 99.9999% As) were mixed in 1:1:12 molar ratio, placed in an alumina crucible and sealed in a niobium tube under 0.2 atm of residual argon pressure. The sealed container was loaded into a tube furnace with an argon atmosphere. Next, the furnace was heated up to 1250 0 C, held at this temperature for 24h to homogenize melting and then cooled down to 900 0 C at a rate of 2 0 C/h. At this temperature, the ampoule with crystals was held for 24h for growth defects elimination and then cooled down to room temperature inside the furnace. Finally, crystals of size more than 5x5 mm 2 in the ab-plane were collected from the crucible. In the inset of Fig.1 the synthesized 1144 single crystals are presented. It is clearly seen that the cleaved surface of the EuRbF e 4 As 4 single crystal is smooth and clean. Obtained crystals were cleaved to 0.1-0.2 mm 2 thickness and cut into a rectangular shape for the following measurements. In this work, we use square shape single crystal with dimensions (a×b×c) 1.12mm, 0.65mm, and 0.12mm, respectively. Single crystal quality was investigated by complementary methods. The chemical composition of 1144 crystals was studied by a JEOL 7001F scanning electron microscope (SEM) with INCA X-act EDS attachment. The data from several points were averaged to improve the measurement accuracy. The elemental analysis mapping showed a uniform distribution of elements with the approximate chemical compositions of Eu-1144 phase (EuRbF e 4 As 4 ) on the surface (not presented here). In Fig.1 shown the temperature dependence of the EuRbF e 4 As 4 single crystal DC magnetization. Superconducting transition shape of crystal is similar to presented in ref. [12] , manifesting high sample quality. We define the critical temperature (T c = 34.8K) of the superconducting transition using the onset criteria. The T c of Eu-1144 sample is a bit lower than reported in ref. [11] , but similar to presented in ref. [3] . The decrease in T c can be explained by the existence of Rb deficiency (selfdoping) which leads to extra hole-like charge carries and induces non-optimal doping regime in the sample [13] . A magnetic feature at about T m = 15K was observed and it can be possibly related to the magnetic ordering [4] . The origin of observed ordering is mostly due to the spin localization on Eu 2+ atoms. Therefore, EuRbF e 4 As 4 is found to be a ferromagnetic superconductor with Eu domains within the ab plane ordering according to the ref. [13, 14] . However, such features can be observed only in the magnetic measurements data indicates spatial separation and coexistence of magnetic and superconducting regions [8] . We found that the Eu 2+ magnetic ordering is suppressed in fields about 3T, as it was shown in Fig.2 .
It should be mentioned that EuRbF e 4 As 4 single crystals become tarnish while were exposed to air. The electron microscope investigation of Eu-1144 single crystal (see Fig.1 ) evident to the rubidium deficient caused by the oxidation within 1-hour air deposition. The repeated AC susceptibility measurements show a significant decrease in the diamagnetic signal after air deposition. We suggest the rubidium hydroxide formation on the surface of crystals causes rubidium loss in the bulk.
AC-susceptibility (χ ,χ ) and magnetic moment M(H) measurements were performed by using the Quantum Design PPMS-9 system. The magnetic susceptibility measurements were done in field-cooled (FC) conditions with H ac =1Oe and external magnetic field (H) up to 9T. The frequency (ν m ) range of H ac varied from 33 to 9777Hz.
Results and discussions
To investigate vortex pinning matter in Eu-1144, it is necessary to discuss the interaction between magnetic and superconducting layers. It seems possible to use magnetic susceptibility and magnetic moment data in the models for conventional superconductors in case if the magnetic layers and superconducting condensate exhibit quasi-isolated behaviour. The facts confirming the weak interaction between the superconducting region and europium magnetic layers in EuRbF e 4 As 4 are as follows [14] : i) It was shown that magnetic vortices density didn't change much during Eu 2+ ordering. ii) Magnetic ordering can be observed only within ab plane. iii) Europium replacement for non- magnetic caesium leads only to magnetic ordering suppression, but superconducting transition curves remains almost unchanged. iv) The europium atoms are spatially isolated from superconducting layers. Thus, it is possible to provide magnetic studies with minimal distortion induced by europium in Eu-1144 superconductor.
We investigate vortex pinning matter in Eu-1144 by isothermal magnetization measurements M(H) presented in Fig.3 . All M(H,T) data were collected with magnetic field parallel to the c axis. The linear-like M(H) curve at T > T sc , indicates the presence of magnetic impurities. In the inset of Fig.3 is shown a low field data of magnetization loop near the T c . Magnetic shielding of superconducting layers clearly overlapped Eu magnetic background lower than 34K. The Eu 2+ magnetic ordering at about 15K leads to more S-shaped form of hysteresis loop, which indicates ferromagnetism appearance [13] . Nevertheless, the influence of intrinsic magnetism on M (H) irreversibility curve width is insignificant compared to SC phase shielding even at T < 15K. Since the M (H) width didn't vastly change before and after 15K, we may conclude that SC shielding gives the main contribution to the M(H) hysteresis.
In general magnetic superconductors have complex interplay between magnetism and superconductivity results in complexity of direct quantitative estimation of J c . However, the qualitative conformity remains [16] . Therefore, we calculated J c (H) at different temperatures using Beans critical state model [15] . According to the theoretical predictions J c ∼ D∆M (1), where ∆M is the magnetization measured with decreasing and increasing fields and D is the sample's geometrical factor. To avoid speculations about real value of critical current, we plot the J c (H) in arbitrary units as it shown in inset of Fig.4 .
In Fig. 4 one can see J c data analysed according to the method mentioned in ref. [17, 18] . Haberkorn et al. [17, 18] identified several pinning regimes from the J c (H) diagram in the log-log scale. At low fields, typically less than 500 Oe, J c is independent of external field − regime I. With the following H increasing one can observe a power law behaviour J c ∝ H −a (regime II). Regime III manifests when J c (H) ∼ const. At last, regime IV can be observed when J c rapidly tends to zero with H incrementing. The lowfield part associated with the single vortex state regime. The J c ∝ H −a dependencies due to the strong pinning centres and following III regime coheres with fishtail effect. A rapid decrease of J c related to changes in the vortex dynamics. In order to check the presence of strong pinning in Eu-1144, J c versus H on a log-log scale at different temperatures was plotted and the exponent a was estimated as it shown in the inset of Fig.4 . Obviously, we observes a different J c (T ) behaviour in the low-and high-field data. The regime I evidently appears at fields less than 100 − 350Oe. In higher magnetic fields up to 1.5T the critical current follows a power law behaviour J c ∝ H a with 0.55 < a < 0.65. The a exponent values obtained in this work are in a good agreement with the theoretical prediction of H −5/8 , which indicates strong vortex pinning [19] . Further increase of the magnetic field leads to IV regime appearance, whereas the J c decrease not so fast with an increase in the magnetic field indicating a rather high value of the irreversibility field (H irr ).
Vortex dynamics and pining can be studied by AC susceptibility measurements [20] [21] [22] [23] . The AC susceptibility measurements data ( χ and χ ) can be interpreted within the theory of thermally activated flux motion and collective vortex pinning in the assumption, as it was mentioned earlier, that the magnetism has weak influence on superconducting properties. It is generally accepted that χ is related to the ability of the magnetic flux shielding, and χ -with the dissipation mechanism due to the vortex motion. However, from AC susceptibility possible to define the vortex solid to liquid phase transition only at sufficiently low frequency (and low AC amplitude). This restriction is caused by a significant dependency of the peak position (T p ) on χ data from the AC field frequency and amplitude. When the AC field frequency is lowered, T p shifts towards lower temperatures due to the current density loss compensation during the relaxation [22] . In case the DC field increases, the transition in χ (T ) and χ (T ) moves to lower temperatures, and the peak height increases to a certain value and then remains more or less constant for further increasing DC magnetic fields. Thus, the T p (H) dependence can be used to determine phase transition line. In Fig.5(a) presented χ (T ) AC susceptibility data for various frequencies near the superconducting peak region. Using the criteria of T p determination as it was shown in ref. [21] we plot T p (H) in Fig.5(b) . The T p (H) data can be well fitted using the formula: H(T p ) = H 0 (1 − t p ) β ; (2) whereas t p = T p /T c and exponent β can give us information about the vortex pinning strength [24] . In cuprate superconductors values found in the fitting of the irreversibility line are commonly in the range β = 4/3 ÷ 3/2. We found that β in Eu-1144 varied from 1.74 at f=33 Hz to 1.91 at f=9777 Hz. A rather high value of β may indicates strong pinning. Similar behaviour was also reported for K 0.8 F e 2 Se 2 [22] ,F eS 1−x Se x [25] . In melt-textured single domain cuprate superconductor (Gd-Ba-Cu-O) variety of β values interpreted in the framework of flux diffusion model [22] . However, the true nature of this phenomenon in iron-based superconductors is still under discussion.
From the AC susceptibility, as it was mentioned above, we found irreversibility line or border of vortex glass to vortex liquid phase transition. The irreversibility was obtained from interpolation of 1/T p vs ν data to low frequency (1Hz) as it is shown on [21] . Moreover, according to the theory AC-response of susceptibility in the vortex liquid region mainly rises from the thermally activated vortex jumps between metastable states of the vortex lattice [26] . In the vortex solid state, the flux lines have additionally to overcome the pinning potential wells, and a thermally activated flux creep is observed. The main parameter that governs the vortex motion is the effective pinning barrier U, which is described within a thermally activated framework by the expression [21, 27] :
. This approximation implies that 1/T p depends mainly on the U 0 parameter, playing the role of an effective depinning energy barrier in a thermally activated flux creep model. The parameter ν 0 is the characteristic frequency associated with the motion of vortices (vortex hopping) around their equilibrium position ( 10 10 − 10 12 Hz) [26] . Calculation of U 0 (H) field dependence from the experimental data is shown in Fig. 6 . The effective value of the pinning barrier reaches 6700K at low fields, which is similar to reported values of other iron-based superconductors: SmF eAsO 0.8 F 0.2 (∼ 5 × 10 4 K) [20] , Ba 0.72 K 0.28 F e 2 As 2 (∼ 10 4 K) [28] , BaF e 1.9 N i 0.1 As 2 (∼ 10 4 K) [23] , FeS(∼ 5 × 10 3 K) [25] and F eT e 0.5 Se 0.5 ( ∼ 10 4 K) [29] . High values of activation energy evident in strong pinning in the EuRbF e 4 As 4 superconductor. Furthermore, the field dependence of U 0 (H) displays at least two regimes with a crossover at field about 1T. The theory predicts that a plateau at low fields is associated with single-vortex pinning regime. In higher magnetic fields power law dependence U 0 ∝ H −a may be observed. In this study U 0 (H) follows H −0.52 dependence in the whole measured field. Therefore collective pinning with U 0 ∼ H −1 is not the case. The possible mechanism here, considering U 0 ∼ H −0.5 , might be thermally activated plastic motion [30] or/and Vortex dynamic, pinning and irreversibility field investigation in EuRbF e 4 As 4 superconductor.9 flux pinning due to the planar defects [31] . Summarizing data, the magnetic phase diagram of EuRbF e 4 As 4 was built as shown in Fig. 7 . A rough estimation of the H c2 (T ) slope near T c gives dH c2 /dT values about −3.34T /K −1 for H ab and for H c about −2.19T /K −1 , respectively. Applying Werthamer-Helfand-Hohenberg (WHH) formula, whereas H c2 (0) = 0.693dH/dT | T c ×T c , for a type-II superconductor, we found H c c2 (0) and H ab c2 (0) values 54T and 81T, respectively. Another opportunity to evaluate the upper critical field is to take into account well known spin-paramagnetic pair-breaking effect, which originates from the Zeeman splitting of spin singlet Cooper pairs. The Pauli-limiting field H p has derived from the condition that the Zeeman energy in the normal state compensates the superconducting condensation energy under magnetic field [33] . For a conventional BCS (Bardeen-Cooper-Schrieffer) superconductor, where 2∆(0) = 3.52k B T c , H BCS p (0) = 1.84T c . Therefore, we found the pair-braking limitation of H c2 about 65T for both field orientations. Considering the WHH, H c2 estimations exceed the BCS paramagnetic limit, the deviations from the GL model may occur [2] . Nevertheless, coherent lengths ξ ab and ξ c were estimated from the single band Ginzburg-Landau equations H from the H ab c2 (T ) and H c c2 (T ) data using linear interpolation. Anisotropy value about 3 − 4 in a region close to T c with a tendency to decrease less than 2 at low temperatures according to WHH estimations. The H c2 (0) values estimated in this work are comparable with the results obtained in ref. [3] , but significantly less than in ref. [2] . Their estimated values of upper critical field were about 160T and 250T for H /dT about −10T /K −1 at low field data shows that upper critical field in both cases less than 100T [6] . Therefore, the real values of upper critical field in Eu-1144 should be about or less than 100T, which were very recently demonstrated in direct high field measurements [34] . Authors showed the values of the upper critical field were in the range of 70-80T, witch is consistent with our H c2 (0) estimations. It was also concluded that the Pauli limit prevails for H ab, but for H c orbital limitation was more essential. Moreover, it was assumed that 1144 a possible candidate for existence of the FFLO state. [34] .
Conclusions
In summary, detailed AC susceptibility and magnetic moment measurements were performed to study the vortex pinning and flux dynamics in the EuRbF e 4 As 4 single crystals. The irreversibility line has been found for Eu-1144, showing rather narrow vortex liquid region. The activation energy come up to 6700K at low fields and indicating strong pinning. The following U 0 decays in the magnetic field as H −0.52 higher than 1T is typical for thermally activated plastic motion. However, considering the layered structure of this material with Eu magnetic layers the flux pinning due to planar defects are also possible. The strong pinning in Eu-1144 was also confirmed by M(H) data. We show that Eu magnetic ordering is fully suppressed at fields about 3T. Summarizing experimental data, we built the magnetic phase diagram of the EuRbF e 4 As 4 superconductor.
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